The ultrafast dynamics of clusters of trans-azobenzene anion ͑A − ͒ solvated by oxygen molecules was investigated using femtosecond time-resolved photoelectron spectroscopy. The time scale for stripping off all oxygen molecules from A − was determined by monitoring in real time the transient of the A − rise, following an 800 nm excitation of A − ͑O 2 ͒ n , where n =1-4. A careful analysis of the time-dependent photoelectron spectra strongly suggests that for n Ͼ 1 a quasi-O 4 core is formed and that the dissociation occurs by a bond cleavage between A − and conglomerated ͑O 2 ͒ n rather than a stepwise evaporation of O 2 . With time and energy resolutions, we were able to capture the photoelectron signatures of transient species which instantaneously rise ͑Ͻ100 fs͒ then decay. The transient species are assigned as charge-transfer complexes: A ·O 2 − for A − O 2 and A ·O 4 − · ͑O 2 ͒ n−2 for A − ͑O 2 ͒ n , where n =2-4. Subsequent to an ultrafast electron recombination, A − rises with two distinct time scales: a subpicosecond component reflecting a direct bond rupture of the A − -͑O 2 ͒ n nuclear coordinate and a slower component ͑1.6-36 ps, increasing with n͒ attributed to an indirect channel exhibiting a quasistatistical behavior. The photodetachment transients exhibit a change in the transition dipole direction as a function of time delay. Rotational dephasing occurs on a time scale of 2 -3 ps, with a change in the sign of the transient anisotropy between A − O 2 and the larger clusters. This behavior is a key indicator of an evolving cluster structure and is successfully modeled by calculations based on the structures and inertial motion of the parent clusters.
I. INTRODUCTION
Spectroscopy on mass-selected anionic clusters has been recognized as a versatile tool to carry out systematic studies of stepwise solvation. [1] [2] [3] [4] [5] [6] [7] Rigorous mass selection allows us to follow the evolution of size-dependent properties to bulk and to examine the solvation dynamics as a function of cluster size. In earlier works, we have shown that these aspects appeared in homogeneous and heterogeneous anionic oxygen clusters. 8, 9 In continuation of our efforts on oxygen-solvated anionic clusters, we have performed femtosecond timeresolved photoelectron ͑PE͒ spectroscopy experiments to study the photodissociation of anionic clusters of transazobenzene anion ͑A − ͒ solvated by oxygen molecules. In this contribution, we studied the photodetachment of the isolated A − and its oxygen clusters and provided photochemical data for A − ͑O 2 ͒ n , where n =0-4, in gas phase, including photoelectron spectra and photofragment patterns. Our focus is on the dissociation dynamics of these finite-sized clusters taking place on the femtosecond time scale.
In our experiment, we excite A − ͑O 2 ͒ n with an 800 nm femtosecond pulse and detect photoelectrons detached by a 400 nm femtosecond pulse. With the pump-probe scheme, the bond dissociation between A − and ͑O 2 ͒ n was monitored in real time by changing the time delay between the two pulses. The observed biexponential rise of A − in our transients, interpreted in light of the time-dependent PE spectra, provides key elements of the dynamics. We provide experimental evidence that the dissociation occurs via electron transfer followed by an ultrafast electron recombination and revisit the critical role of O 2 as an electron acceptor in photoinduced electron transfer.
In this study, we also explore the potential application of femtosecond time-resolved anisotropy as a means to elucidate the geometry of clusters. Time-resolved anisotropy has been developed as a reliable method to determine molecular structures and monitor the vectorial dynamics of rotation. [10] [11] [12] We applied this technique to study the structure and rotational motion of A − ͑O 2 ͒ n clusters and deduced a change in the location of ͑O 2 ͒ n with respect to A − upon going from A − O 2 to A − O 4 . The cluster effect on the rotational motion is examined by measuring the dephasing time of the initial alignment. From the trend observed in the polarization dependence, we deduce the direction of the transition dipole moment for the photodetachment ͑probe͒ process.
II. EXPERIMENT
The molecular beam apparatus and the femtosecond laser system have been described elsewhere. 13, 9 Briefly, negatively charged A m − ͑O 2 ͒ n clusters were generated by crossing a 1.0 keV electron beam with a supersonic expansion of a͒ Permanent address: Department of Chemistry, Chungbuk National University, Cheongju, Chungbuk 361-763, Korea. azobenzene/oxygen mixtures. The azobenzene/O 2 gas mixture was prepared by passing the oxygen gas ͑400 kPa͒ through a sample oven containing azobenzene ͑Aldrich, 98%͒ vapor at 100°C. A pulsed electric field ͑−2.0 kV͒ was applied to the accelerator, and negatively charged species were extracted into the field free time-of-flight region where the negative ion bunches were separated by their masses. Mass selection of a particular ion packet was achieved by applying a pulsed electric field ͑±500 V͒ to the interleaved mass gate 14 prior to the light interaction. The desired species were then intercepted with femtosecond laser pulses in a perpendicular configuration, and photoelectrons and photofragments were generated. The photoelectrons were collected by a magnetic-bottle 15 photoelectron spectrometer, while the photofragments were detected by a linear reflectron mass spectrometer. Transients were recorded by integrating the photoelectron intensity in a selected time-of-flight window.
Femtosecond pulses ͑800 nm/ 110 fs͒ from a Ti: Al 2 O 3 oscillator were amplified to 5 mJ by a regenerative and a two-stage multipass amplifier at 20 Hz. The 800 nm femtosecond pulse was frequency doubled by passing the light through a beta-barium borate ͑BBO͒ crystal. The residual 800 nm femtosecond light was used for the pump pulse, while the 400 nm doubled output was used for the probe. A time delay between pump and probe pulses was implemented by a computer-controlled translation stage. Typical pulse energies of the 800 and 400 nm pulses at the light-interaction region were 1.1 and 0.4 mJ, respectively. The beams were collimated down to a diameter of 4.0 mm in order to achieve the optimal overlap between the molecular beam and light pulses without causing multiphoton processes. For timedependent anisotropy experiments, the polarization of the pump pulse was rotated with respect to the polarization of the probe pulse. For most experiments, the probe polarization was parallel to the photoelectron detection axis, but other configurations were tested and showed no effect on results.
The possibility of multiphoton processes was excluded based on the following studies of the pump-pulse power dependence. First, we observed a slope of somewhat less than 1 ͑about 0.7͒ in the plot of log͑I signal ͒ vs log͑I pump ͒, consistent with a one-photon absorption of the 800 nm photon. 16, 17 Second, we recorded transients at half the pump power and observed the same behavior. Accordingly, the transient signal reported here is for a one-photon excitation at 800 nm. For the probe process, the kinetic energy value of the detached electron corresponds to the one-photon detachment at 400 nm.
III. RESULTS
The mass spectrum of all anions created by the ion source is shown in Fig. 1͑A͒ 6 experiment was lower than for other clusters due to a lower signal level. ͑C͒ Photofragments generated by irradiating with the pump pulse ͑800 nm͒. For ͑B͒ and ͑C͒, the vertical axis corresponds to the fragment ion intensity and the enhancement of the ion intensity, respectively, ͑I F ͒ normalized to the intensity ͑I P ͒ of the stable parent ion ͑without laser͒.
ture at a mass of ϳ383 amu is due to two unresolved peaks of masses of 382 and 383 amu, which were separated in the linear reflectron mass spectrometer ͑not shown͒. The mass peak of 383 amu ͑indicated by a question mark͒ and its progression by 32 amu were not identified. The ion peaks of A m − ͑O 2 ͒ n were relatively broad in comparison to ͑O 2 ͒ n − peaks, indicating the presence of metastable species in the ion packets.
In experiments without laser light, negatively charged fragments from metastable species were separated and detected by the linear reflectron mass spectrometer. The intensity distribution of these fragments is presented in Fig. 1͑B͒ Figure 1͑C͒ shows the photofragment distribution produced upon irradiation with the 800 nm femtosecond pulse. The height of the histogram corresponds to the enhanced intensity of photofragments, which is obtained by subtracting the intensity due to metastable species in the absence of light, then dividing by the intensity of the parent ions used for Fig. 1͑B͒ . There are two noticeable features in Fig. 1͑C͒ ͑not shown͒, the photodissociation is almost negligible at 800 nm. Figure 2 shows the PE spectra of A − and A − ͑O 2 ͒ n clusters obtained by irradiating with the probe pulse ͑3.1 eV͒ only. The PE spectrum of A − exhibits a broad Gaussian type profile with the onset ͓adiabatic electron affinity ͑AEA͔͒ of ϳ1 eV and the peak ͓vertical detachment energy ͑VDE͔͒ of about ϳ1.6 eV. We did not observe any vibrational structure in the PE spectrum with our energy resolution ͑ϳ250 meV͒. Our observed value for the AEA of A − is about two times larger than the previously reported value ͑0.56 eV͒ which was obtained from bracketing experiments. 18, 19 The discrepancy can be due to either a small Frank-Condon overlap at the 0-0 transition frequency, resulting in an overestimation of AEA from the photoelectron spectrum, or to the uncertainty in the entropy effect in the previous experiment. 18 The photoelectron spectrum of A − O 2 resembles the PE spectrum of the unsolvated A − , but the spectrum is shifted toward higher electron binding energies ͑AEA ϳ1.2 eV and VDE ϳ1.75 eV͒. The similarity and the small shift are evidence that the excess electron is localized in the azobenzene molecule and O 2 is weakly bound to A − . The PE spectra of larger clusters are similar to each other, but quite different from those of A − and A − O 2 . The PE spectra of A − ͑O 2 ͒ n , where n =2-4, show broad bimodal profiles. The peak of each photoelectron spectrum is significantly shifted toward a higher electron binding energy ͑ϳ2.3 eV͒ compared to that of A − , while the onset is not much shifted ͑ϳ1.25 eV͒. However, based on the metastable fragment pattern in Fig. 1͑B͒ , the region at the lower electron binding energy contains PE contributions from A − and A − O 2 fragments. ͓The absence of these fragments for the A − O 6 parent in Fig. 1͑B͒ could be due to low sensitivity. See the caption for details.͔ Even though the fragment population is small, the detachment cross sections of A − and A − O 2 are larger then those of A − ͑O 2 ͒ n , where n =2-4 ͑see below͒, so the fragment contribution to the spectra may be substantial, leading to artificially low AEA values. We note that the photoelectron collection efficiency is poorer for the slow electron ͓low electron kinetic energy ͑eKE͒ and high electron binding energy ͑eBE͔͒; thus the peak positions of A − ͑O 2 ͒ n , where n =2-4, are likely to be underestimated. Despite the abrupt change in the PE spectrum upon going from A − O 2 to A − O 4 , we still think that the excess electron is localized in azobenzene. The abrupt change in the PE spectrum and in the relative photodetachment cross section is attributed to the formation of a quasi-O 4 core ͑see Sec. IV͒.
The relative photodetachment cross sections ͑ PD ͒ for A − ͑O 2 ͒ n , where n =0-4, are roughly approximated from the ratio of the integrated ion peak ͓Fig. 1͑A͔͒ and the maximum intensity of the PE spectrum of the corresponding species ͑Fig. 2͒ which were obtained under similar experimental conditions. We assumed that the integrated area of the ion peak is proportional to the number density in the laser interaction volume, and we obtained a fourfold decrease in PD for A − O 2 and ϳ25-fold for A − ͑O 2 ͒ n , where n =2-3 compared to A
− . An equivalent estimate for A − O 8 cannot be made because its PE spectrum was obtained under different experimental conditions. Thus it is difficult to directly compare the effect of PD and the population of metastable fragments in the PE spectrum of A − O 8 to those of the other clusters. Figure 3 shows the time-dependent photoelectron ͑TD-PE͒ spectra of A − O 2 and A − O 6 that are constructed from the ͑pump+ probe͒ signal at a delay time t ജ 0 minus the reference ͑pump+ probe at t Ͻ 0͒. Note that because ion fluctuation may make the measured reference either larger or smaller than the true reference of a given signal at t ജ 0, the uncertainty in regions of large parent PE intensity can be significant. The TD-PE spectra were obtained with the polarization of the pump pulse oriented at 54.7°with respect to that of the probe pulse in order to suppress any effects of orientation dynamics. The spectra are presented on the timeof-flight ͑TOF͒ axis to emphasize the low energy region, and the peak intensity of each photoelectron spectrum is matched to that of the PE spectrum at 83 ps ͑red trace͒ in order to illustrate the change in the peak shape with time. The bottom right panels of Figs. 3͑A͒ and 3͑B͒ show the overlay of a few TD-PE spectra in a true intensity scale as calibrated against recorded transients ͑see below͒. The time-delay labeling is also established by the transient analysis.
As seen here, and also for other clusters studied, the shape of the TD-PE spectrum does not change after 360 fs, matching that of the TD-PE spectrum at 83 ps. A peak corresponding to this long time TD-PE signature already appears at 0 fs and continues to increase with time. At early times ͑0 -240 fs͒, the shapes of the TD-PE spectra differ from that at 83 ps. For A − O 2 , a peak at ϳ0.65-0.8 s appears at time zero but disappears within 540 fs. We think that this peak corresponds to the PE signal of the charge-transfer complex A ·O 2 − , even though it is shifted toward earlier arrival time ͑lower eBE͒ than the PE profile of O 2 − , which should be located at least as low in energy as that of A ·O 2 − . Profiles of O 2 − with and without a 0.03 s ͑ϳ0.3 eV in eBE͒ shift are illustrated in blue traces in the 0 and 60 fs panels, respectively. This shift can be rationalized by the generation of fast electrons coming off from the vibrationally excited states of the A ·O For use in the investigation of vectorial dynamics ͑see below͒, separate scans with pump and probe polarizations parallel ͓I ʈ ͑t͔͒ and perpendicular ͓I Ќ ͑t͔͒ to each other were carried out for all clusters. Magic angle transients ͑I 54.7°͒ were constructed from these two polarization scans, I 54.7°ϰ I ʈ ͑t͒ +2I Ќ ͑t͒, with the asymptotes of I ʈ ͑t͒ and I Ќ ͑t͒ normalized to 1. Such transients are shown in Fig. 4 for all clusters studied. In confirmation of the reliability of this procedure, we also obtained the actual magic angle scan for A − O 2 ͑top panel inset of Fig. 4͒ and A − O 4 by rotating the polarization of the pump pulse by 54.7°with respect to that of the probe pulse. The transients obtained by the two different methods are effectively indistinguishable. ͑The small residual asymptotic differences between the polarizations that were found without applying normalization are not considered meaningful because of the variation in experimental conditions between the two polarization scans.͒ For A − O 2 , the transients exhibit two apparent rise components with distinct time scales. We fitted the transients to a biexponential growth function, varying time constants ͑ 1 and 2 ͒ and amplitudes with the fixed instrument response time ͓full width at half maximum ͑FWHM͒ = 230 fs͔, yielding 1 ϳ 275± 50 fs and 2 ϳ 1.6± 0.2 ps. For larger clusters, we observed three distinct rise components. The 
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Ultrafast vectorial and scalar dynamics of ionic clusters J. Chem. Phys. 125, 133408 ͑2006͒ fastest component is a rise within our response time ͑ 0 Ͻ 100 fs͒. We associate the two slower components to 1 and 2 of A − O 2 ͑see discussion͒. The second fastest component has the lifetime ͑ 1 ͒ of ϳ800 fs ͑see Fig. 4͒, but Fig. 4 .
The transients significantly depend on the relative polarization of pump and probe pulses. The polarization dependence of A − O 2 is opposite to that of A − ͑O 2 ͒ n , where n =2-4 ͑Fig. 5, with A − O 4 illustrating the behaviors for larger clusters͒. From the normalized parallel and perpendicular scans, we constructed the time-dependent anisotropy r͑t͒:
The results are plotted in Fig. 6 . The solid lines shown with the data are described later ͑see Sec. IV͒. As is evident from the relative intensites of the transients of Fig. 5 , r͑t͒ of A − O 2 is of opposite sign to that of the larger clusters at early time. The anisotropy of A − O 2 starts at a negative value and approaches zero, whereas the anisotropy of larger clusters starts at positive values and decreases. The time scale of the decay toward zero increases as the cluster size increases, and the coherence time ͑ c ͒, taken as the time required for the anisotropy to fall to one-fourth of its initial value, 9 is estimated and indicated in Fig. 6 
IV. DISCUSSION
Based on the experimental observations discussed above, the mechanism for the photodissociation of A − ͑O 2 ͒ n , where n =1-4, is described below, highlighting the elementary steps of electron transfer and ultrafast electron recombination:
The primary processes are similar in nature to those of oxygen clusters. 8, 9, 13 Here, h is the 800 nm pump photon energy, A ·O 2 − and A ·O 4 − · ͑O 2 ͒ n−2 are the charge-transfer complexes, and ER and D denote electron recombination and dissociation, respectively. As discussed earlier in Sec. III, the metastable patterns and photoelectron spectra suggest that the excess electron is located in azobenzene ͑A͒, and oxygen molecules are weakly bound to A − . The ab initio geometry calculation of the trans-azobenzene anion by the UB3LYP/ 6-311G͑d , p͒ method suggests that the excess electron is localized in the N-N double bond. 20 A small amount ͑ϳ0.1% ͒ of O 4 − was detected from metastable ͑A ·O 4 ͒ − , compared to the A − intensity of ϳ2%, which suggests that a part of the population of ͑A ·O 4 ͒ − exists in the form of A ·O 4 − .
A. Scalar dynamics
From the photofragmentation study, it is inferred that when an oxygen molecule is attached to A − , there exists a charge-transfer band around 1.55 eV ͑800 nm͒ above the ground state of the A − ͑O 2 ͒ n anion. Species with no oxygen molecules such as A 2 − , as shown in Fig. 1͑C͒, 8 , we did not observe any negatively charged oxygen clusters as fragment, but this can be due to the small intensity of parent ions ͓Fig. 1͑A͔͒ and insufficient detection sensitivity. Second, we found two distinct types of early-delay-time PE signal behaviors which are evident in Figs. 3͑A͒ and 3͑B͒, in the position of the shoulder feature, and in Fig. 4 , in the prominence of the instantaneous rise component. The transition between the two behaviors occurs upon going from
The relationship between these behaviors and the evidence for a O 4 core formation in static measurements will be discussed later.
In the absence of knowledge of the absorption spectra of A − ͑O 2 ͒ n , one cannot definitively exclude the possibility that O 2 perturbs the electronic state of A − such that an excited state of A − becomes accessible at 800 nm, without invoking electron transfer ͑ET͒ and recombination processes. A similar situation has been discussed by Li et al. for the case of O 4 − ·O 2 dissociation. 4 However, the observations of O 4 − and O 2 − photofragments and the lack of dissociation of clusters without O 2 reported here, as well as the fact that the excitation energy ͑1.55 eV͒ matches the expected energy of a charge-transfer band, 13 i.e., between AEA and VDE of A − ͑O 2 ͒ n , lead us to favor a photoinduced intermolecular electron transfer followed by an ultrafast recombination as a more appropriate reaction mechanism for the absorption of 800 nm light, similar to the mechanism discussed for both neutral and anionic clusters. 8, 9, 22 Especially, we have found that oxygen plays a significant role in the photoinduced electron transfer at 800 nm and examined this phenomenon in solvated oxygen anions: For example, we observed that O 4 − X, X = Xe, N 2 , and N 2 O, does not dissociate while O 4 − O 2 dissociates at 800 nm. 9 For A − O 2 , A − rises via two different channels. The fast channel reflects the direct bond dissociation along the A − -O 2 coordinate. The initial excitation energy is efficiently used to break the bond between A − and O 2 , and the energy dissipation to other modes is not as effective. The time constant of the fast component depends on the rates of ER and the subsequent motion of O 2 along the A − -O 2 coordinate, as described in Eq. ͑2a͒. The rate of ER is approximated from the decay of A ·O 2 − , which is comparable to our instrument response time but not quantified. Since the pump photon energy ͑1.55 eV͒ is much larger than the bond energy of A − -O 2 ͑ϳ0.2 eV͒, the direct dissociation can occur on the subpicosecond time scale. The slow component depicts the evaporative dissociation of another fraction of the A − O 2 population, in which the vibrational energy released upon recombination couples less effectively to the reaction coordinate. The rate depends on the degree of involvement of all vibrational modes of the complex. Additional dissociation channels may exist involving a more extensive intramolecular vibrational energy redistribution ͑IVR͒ and much lower rates, but these channels would not be detectable in our timedelay window ͑0-83 ps͒. The bifurcation of the parent population into different dissociation channels can be envisioned as reflecting a structural inhomogeneity in the bonding geometry.
For A − ͑O 2 ͒ n , where n =2-4, three distinct components are observed in the transients. The instantaneous rise component is attributed to the formation of the charge-transfer transient complex A ·O 4 − · ͑O 2 ͒ n−2 . The corresponding component ͑A 9 That the charge-transfer complex for these clusters is different from that of the A − O 2 case is evident from the TD-PE spectra.
The second fast component in the transients of
where n =2-4, has a time constant ͑ 1 ͒ of ϳ800 fs. We interpret this component as analogous to the fast rise in the transient of A − O 2 , i.e., as electron recombination/direct dissociation of the parent cluster. While gating was set up to monitor the rise of bear A − , the observed rate is the effective rate constant for ER and the parallel dissociation channels ͓Eq. ͑2b͔͒. The increase in 1 and the conglomerated ͑O 2 ͒ n , rather than a stepwise evaporation of oxygen molecules. The fact that the fast component is not strongly affected by additional oxygen molecules lends support to our hypothesis that the rate determining step is ER rather than the subsequent parallel channels of dissociation ͓Eq. ͑2b͔͒. If the latter determine the rate, we should see a distinct cluster size dependence.
As in the case of A − O 2 , based on our TD-PE analyses and the single-exponential-type rise of the 2 component, we also believe that the slow channel is via a single-bond breakage like the 1 process. Thus, the existence of the 2 component is believed to reflect the structural variation within the clusters, which constitutes a bifurcation between the geometries of optimal recombination/dissociation and residual geometries in a manner reminiscent of base-pair gating of electron transfer through DNA. 23 Ideally aligned A − ͑O 2 ͒ n undergoes rapid electron recombination and concomitant dissociation, while the recombination and dissociation may be delayed in misaligned complexes. An increasing entropy factor in larger clusters dictates the ratio between the ideal and the remaining cases, which is shown in the observed trend of relative contribution by the 2 component. A − O 2 may have a completely different geometry, which results in the deviation from the observed trend. This aspect is highlighted in the time-resolved anisotropy ͑see below͒. In this picture, the variation in 2 ͑ϳ8-36 ps͒ results from a quasistatistical dissociation as in the case of A − O 2 . As noted earlier, a small A − O 2 intensity in the fragment mass spectra ͓Fig. 1͑C͔͒ could be produced by a parallel channel not identified in our timeresolved data, consistent with the sensitivity limit shown in Fig. 3͑C͒ .
B. Vectorial dynamics
As illustrated in Figs. 5 and 6, the transients depend on the orientation of pump and probe polarizations, which indicates time-dependent vectorial dynamics of the PE detachment transition moment. The anisotropy is related to the angle ␣ between the excitation and probe transition dipole moments by 24 r͑t͒ = 0.4͗P 2 ͑cos ␣͑t͒͒͘ where P 2 is the second order Legendre polynomial, P 2 ͑x͒ = 1 2 ͑3x 2 −1͒, and the brackets indicate an ensemble average. The time dependence of r͑t͒ reflects the reorientation of probe dipoles of molecules undergoing rotational motion, but at t = 0 the value is determined solely by the static directions of the two transitions in the molecular frame, which we assume are the same for all molecules of a given stoichiometry. Based on our mechanism that pump-pulse excitation involves ET from A − to O 2 or O 4 , we can assume that the excitation transition dipole moment lies along the direction of the electron motion. From the anisotropy values at time zero ͑Fig. 6͒, the angle ␣͑0͒ between this excitation transition moment and the transition dipole moment of the photodetachment process ͑d ជ PD ͒ of A − can therefore be determined from cos ␣͑0͒ = ͱ along that axis. In this picture, the electron jumps from the N-N bond to one of the adjacent O 2 molecules which is located, on average, in the direction indicated, with a second O 2 in place to complete the formation of the O 4 − core. In the absorption process, the polarized 800 nm pulses produce a well-defined spatial alignment of the chargetransfer state population. After the recombination and dissociation, the rotational motion of the A − ensemble with a distribution of angular velocities causes the initial alignment to dephase and the anisotropy to decay. For all clusters, the anisotropy approaches its asymptotic value within a few picoseconds. The time scale of the anisotropy decay can be related to the cluster structure, the inertial motion of the parent clusters at finite temperature, and to any torque applied to A − during dissociation. 10 Under the simplifying assumption of the dissociation of A − ͑O 2 ͒ n with no torque, the instantaneous angular velocity of the A − immediately after dissociation will be the same as the angular velocity of the parent by the conservation of angular momentum. The calculation of the rotational dephasing of the parent clusters may therefore serve as an approximation of the fragment A − anisotropy decay.
Such calculations were carried out for each cluster based on the structures and transition dipole directions of Fig. 7 and with rotational temperatures adjusted to give values of c matching the experiment. The quantum mechanical asymmetric top rotational coherence theory 25 was used for these calculations, implemented by a program allowing arbitrary directions of the transition dipoles. 26 The results are shown as the solid lines plotted with the data in Fig. 6 . The temperatures found through this procedure fell in a reasonable range of ϳ80 K for A − O 2 to 200 K for A − O 8 . At times greater than 400 fs, the shapes of the decays are in generally good agreement with the theoretical models as well.
At very early times, the anisotropies of three of the four clusters studied show a deviation from the smooth trend predicted from the rotational motion of A − only. Such behavior might be caused by a shift of only ϳ30 fs in the time axis between measurements of perpendicular and parallel transients, so the values must be viewed with caution. However, a real change in anisotropy is easily understood in the context of the dynamics described by Eq. ͑2͒, since the first signal detected is that of the short-lived charge-transfer state rather than A − , and these two species need not have the same direction for their PD transition dipoles. The observed anisotropy at short delay times is then a signal-intensity-weighted average of the r͑0͒ values ͑assuming virtually no rotational motion in the first 500 fs͒ of the two contributing populations, as determined by their respective PD transition dipoles. As the ET state decays and A − rises, the anisotropy is expected to approach the r͑0͒ value of A − nonexponentially, and the time scale for the change observed in Fig. 6 is compatible with the population dynamics derived from the transients of Fig. 4 4 , which may be understood to be a consequence of the quasi-O 4 -core formation.
V. CONCLUSIONS
In the present work, we have elucidated the dissociation dynamics of A − ͑O 2 ͒ n , where n =1-4, involving photoinduced electron transfer, ultrafast electron recombination, bond rupture, and intramolecular vibrational energy redistribution. The evolution of these elementary processes as a function of cluster size was investigated by femtosecond time-resolved photoelectron spectroscopy. Our femtosecond time resolution with the capability of following the vectorial dynamics allows us to develop the following interpretation of the structural evolution of A − ͑O 2 ͒ n upon going from A − O 2 to A − O 8 : O 2 in A − O 2 is located close to the plane of A − , whereas conglomerated ͑O 2 ͒ n , where n =2-4, in larger clusters sits above the plane of A − near the central N-N bond.
